The Ultraviolet Coronagraph Spectrometer (UVCS) aboard the Solar and Heliospheric Observatory (SOHO) has revealed strong kinetic anisotropies and extremely large perpendicular temperatures of heavy ions in the extended solar corona. These observations have revived interest in the idea that the high-speed solar wind is heated and accelerated by the dissipation of ion cyclotron resonant Alfvén waves. This process naturally produces departures from Maxwellian and bi-Maxwellian velocity distributions. Here it is argued that these departures must be taken into account in order to understand the resonant velocity-space diffusion, the wave damping, and the formation of ultraviolet emission lines. Time-dependent ion velocity distributions are computed for a fixed spectrum of waves in a homogeneous plasma, and the moments of the distributions are compared with simple bi-Maxwellian models. The existence of a boundary, in parallel velocity space, between resonance and nonresonance produces an effective saturation of the velocity-space diffusion that bi-Maxwellian models could not predict. The damping of an input wave spectrum is computed for a coronal population of 1000 ion species with the above saturation effect included. For realistic levels of fluctuation power, it is concluded that waves propagating solely from the coronal base would not be able to heat and accelerate the ions that have been observed to exhibit strong energization, and that local wave generation is required. Ultraviolet emission line profiles are computed for the derived non-Maxwellian distributions, and possible unique identifiers of the ion cyclotron resonance mechanism are noted.
Introduction
The physical processes that heat the 10 6 K solar corona and accelerate the solar wind are still not known with certainty after more than a half century of investigation. It is likely [Parker, 1991] that the heating mechanisms that produce the sharp transition region between the chromosphere and lower corona are different from the processes that deposit energy and momentum at distances greater than several solar radii. Since the ultimate source of energy is solar in origin, it is likely that propagating waves or turbulent fluctuations are required to carry this energy out to the increasingly collisionless plasma in the extended corona and accelerating wind. In this region, the velocity distribution functions (VDFs) of electrons, protons, and heavy ions respond differently to various types of fluctuations. This paper investigates one specific theoretical mechanism for ion energization in the extended solar corona-the dissipation of high frequency gyroresonant waves-and explores the properties of the resulting non-Maxwellian ion VDFs.
The interaction between ion cyclotron resonant Alfvén waves and particle VDFs in the solar wind has been studied for several decades [e.g., Harvey, 1975; Abraham-Shrauner and Feldman, 1977; Hollweg and Turner, 1978; . Early models were inspired by the measured properties of protons and heavy ions in the high-speed component of the solar wind at distances greater than 0.3 AU. Proton VDFs exhibit the signature of gradual heating perpendicular to the mean magnetic field, and heavy ions both flow faster than protons and have larger temperatures and most-probable speeds [see Schmidt et al., 1980; Marsch, 1991; Cohen et al., 1996; Feldman and Marsch, 1997] . Ion cyclotron resonance is a natural means of producing these proton and ion properties [see also Dusenbery and Hollweg, 1981; McKenzie and Marsch, 1982; Isenberg and Hollweg, 1983; Gomberoff and Elgueta, 1991] . The theoretical studies cited above, though, did not model the solar wind acceleration accurately because they focused mainly on the plasma at heliocentric distances greater than 10-20 R (solar radii).
A notable exception was the work of Hollweg [1986] , Hollweg and Johnson [1988] , and Isenberg [1990] that simulated the turbulent generation and damping of ion cyclotron waves in the corona. It is now known that theoretical models of the formation of the high-speed solar wind must produce the greatest energy and momentum deposition in the extended corona (within about 1-5 R ).
Ultraviolet spectroscopy of the solar corona has provided additional evidence for the resonant damping of ion cyclotron waves. The Ultraviolet Coronagraph Spectrometer (UVCS) aboard the Solar and Heliospheric Observatory (SOHO) measured strong temperature anisotropies of O 5+ ion distributions (with T ? T k ) in large polar coronal holes. Above 2 R , the perpendicular most-probable speeds of O 5+ and Mg 9+ exceed those of hydrogen, and the parallel bulk speed of O 5+ may be larger than the hydrogen outflow speed by as much as a factor of two [see Kohl et al., 1997 Kohl et al., , 1998 Kohl et al., , 1999 Antonucci et al., 1997; Li et al., 1998; Cranmer et al., 1999a; Giordano et al., 2000] . The Solar Ultraviolet Measurements of Emitted Radiation (SUMER) instrument on SOHO measured ion temperatures larger than electron temperatures at very low coronal heights [Seely et al., 1997] and found evidence for a charge-to-mass ratio dependence in coronal hole temperatures ].
The observations made by the SOHO and Spartan 201 spacecraft have given rise to a resurgence of interest in coronal ion cyclotron resonance. McKenzie et al. [1995 McKenzie et al. [ , 1997 summarized the required physical constraints on selfconsistent models and demonstrated the necessity of strong perpendicular heating. Tu and Marsch [1997, 2001] , Marsch [1998, 1999] , Li et al. [1999] , , and Cranmer et al. [1999b] studied the energization of positive ions using moment-based (e.g., Maxwellian and biMaxwellian) methods. Hollweg [1999a Hollweg [ , b, 2000a ] used a test-particle approach to simulate the averaged response of ion VDFs to a known spectrum of resonant waves. Shevchenko et al. [1998] , Tam and Chang [1999] , and Isenberg et al. [2000, 2001] have begun the process of examining the kinetic departures from bi-Maxwellian VDFs when cyclotron waves are present in the solar wind.
This paper studies the non-Maxwellian velocity distributions and wave damping rates that arise when coronal ions become resonant with a continuous spectrum of Alfvén waves. The origin of the high-frequency (10-10,000 Hz) waves is not considered explicitly, but the general conclusion of Cranmer [2000] that they cannot originate solely at the coronal base (r R ) is confirmed. Departures from Maxwellian and bi-Maxwellian distributions must be considered in order to understand the delicate balance between wave dissipation and instability. For example, the assumption of "rigid" bi-Maxwellians leads to strong wave growth at selected wavenumbers when T ? T k [see, e.g., Gary, 1993] . The application of more self-consistent VDFs with identical moments, though, shows a gradual evolution from wave damping (when T ? T k ) to marginal stability between growth and damping (when T ? T k ). In addition, the non-Maxwellian distributions that result from ion cyclotron resonance can affect the formation of emission lines in the extended corona. Empirical determinations of plasma properties from ultraviolet spectroscopy have heretofore assumed bi-Maxwellian coronal VDFs. Thus, the data may yield different conclusions when re-analyzed with more detailed distributions in mind.
The remainder of this paper is organized as follows. In section 2, the dominant physical processes are outlined and an argument is made against the prevalent idea that ion cyclotron diffusion acts on time scales much shorter than those of all other processes. The quasi-linear diffusion equation for ion VDFs is derived in section 3, and it is integrated numerically for representative ion populations in section 4. In section 5, the linear damping rates for the non-Maxwellian VDFs are calculated and used to update the multi-ion wave damping analysis of Cranmer [2000] . In section 6, coronal emission line profiles are computed for the numerical ion VDFs. Section 7 summarizes the results of this paper and discusses the physics that still needs to be incorporated into self-consistent models.
Physical Processes and Time Scales
Consider an ensemble of Alfvén waves propagating away from the Sun along a radially directed magnetic field B 0 .
These waves may comprise only a small fraction of the total fluctuation power in the corona (with inward/obliquely propagating and non-Alfvénic waves making up the remainder), but the observational evidence suggests their damping provides significant energy to the ions. Parallel propagating Alfvén waves become resonant with the Larmor gyrations of positive ions when
(1) where ! and k k are the frequency and wavenumber measured in the inertial (solar) rest frame, v k is the ion velocity component parallel to B 0 , and i is the cyclotron frequency of species i. For an ion with charge q i and mass m i , i = q i B 0 =m i c, where c is the speed of light (and we assume v k c). The positive and negative signs of i in equation (1) correspond to the resonances of right and left hand polarized waves, respectively. In the corona, where typically i is much larger than jv k k k j, right hand polarized (whistler) waves are resonant only with particles in the extreme tails of ion VDFs. Thus, only the dissipation of left hand polarized waves is considered in the models presented below. Figure 1 shows a schematic dispersion relation that relates frequency in the comoving wind frame to parallel wavenumber for left hand polarized waves. The cyclotron resonance condition (equation (1) relation is computed assuming a cold neutral plasma consisting of electrons, protons, and 5% He 2+ , all with equal bulk speeds [e.g., Stix, 1962; Mann et al., 1997] . The inclusion of the thermal spread of protons and alpha particles about their mean flow speeds would not strongly affect the real part of the dispersion relation in the low-beta plasma of coronal holes [Isenberg, 1984a] . Solution branches arising from minor ion dispersion are neglected here because they may be smoothed out by warm plasma effects or nonzero relative flow speeds [Gomberoff et al., 1996; Gomberoff and Astudillo, 1999; . Note that an ion with a given value of v k can be resonant with multiple wavenumbers, but protons having v k > u 0 encounter no resonances. A low charge-to-mass ratio ion like O 5+ has three resonances when it flows slightly faster than u 0 : two crossings of the lower dispersion branch and one crossing of the upper branch, the latter not shown in Figure 1 . As O 5+ accelerates past a critical value of v k , the two low-k k resonances disappear abruptly.
Ion velocity distributions in the solar corona that coexist with a continuous distribution of wave power (with random phases in k k ) experience a net diffusion in velocity space.
Roughly, the ion cyclotron interaction conserves particle kinetic energy in a frame moving with the phase speed !=k k of the resonant waves. Thus, the diffusion tends to act primarily along contours of constant wave-frame particle speed,
1=2 , and negligibly in directions normal to those contours [Rowlands et al., 1966; Dusenbery and Hollweg, 1981; Isenberg et al., 2000] . Because the phase speed in the corona is dominated by the large Alfvén speed V A there (typically V A 1000-3000 km s ?1 ), the center of the concentric contours at v ? = 0 is at a much larger value of v k than exhibited by most particles in the ion VDFs. Thus, the initial direction of the diffusion (for small v k and v ? ) is primarily perpendicular to the mean magnetic field.
It is often assumed that the time scale of the resonant diffusion is extremely rapid when compared with other coronal time scales, such as those for wind expansion and Coulomb collisions [e.g., Galinsky and Shevchenko, 2000; Isenberg et al., 2000 Isenberg et al., , 2001 
where P B (k k ) is the spectral energy density of the left-handed magnetic fluctuations and V A i =k k was assumed for simplicity. The full evolution of the VDF, of course, is not describable by this simple formulation: by 10 d the distribution evolves to a large anisotropy ratio (T ? =T k ) and the parallel diffusion becomes important; by 10 3 d the distribution diffuses completely and is thought to exhibit nearly constant values along the concentric wave-frame energy contours.
Unfortunately, the wave power P B has not yet been measured in the corona at the large wavenumbers required to probe ion cyclotron resonance (see Spangler and Mancuso [2000] for a discussion of the observational difficulties and epistemological issues). Tu [1987] modeled solar wind Alfvénic fluctuations and extrapolated the low-frequency spectrum (proportional to ! ?1 ) down to a lower boundary of 10 R . Assuming that wave action conservation applies below this height [Hollweg, 1974; Jacques, 1977; McKenzie, 1994] and that the spectrum can be extended to higher frequencies, the locally resonant wave power available to, e.g., O 5+ ions at 2 R would be of order 3500 nT There are several reasons, however, to believe that the resonant high-frequency wave power in the corona is not as strong as estimated above:
1. The turbulent fluctuation spectrum may not be fully developed. The production of a turbulent inertial range depends on the presence of nonlinear wave amplitudes and oscillations in both the outward and inward directions. In the corona, however, the amplitudes are expected to be small ( B B 0 ) and inward-propagating waves may not yet be excited. This is especially true if the waves launched by the Sun are mainly lowfrequency (0.001-0.1 Hz) oscillations arising from subphotospheric convection and network magnetic reconnection [e.g., Kuperus et al., 1981; Hollweg, 1986] .
2. Even if the fluctuation spectrum is fully developed, its power-law slope at the high frequencies of interest is probably steeper than ! ?1 . The "inertial range" of solar wind turbulence is typically measured to vary as ! ?5=3 , and in the vicinity of the proton cyclotron frequency the spectrum steepens further to ! ?3 or ! ?4 [Coleman, 1968] . The processes that determine the shape of the spectrum at high frequencies are still not fully understood, but resonant wave dissipation and dispersion are generally believed to be important [Leamon et al., 1998a, b; Stawicki et al., 2001] .
3. The wave power measured in situ results from a combination of modes propagating at all directions relative to the magnetic field. Extrapolation back into the corona involves assumptions about how the relative strengths of these various modes vary with distance. Above, it was assumed that all the power in the extrapolated spectrum was in parallel-propagating waves. However, Matthaeus et al. [1999] and Leamon et al. [2000] found that coronal turbulence may be dominated by oblique, nearly perpendicular fluctuations, with parallel "slab-like" modes comprising only a small fraction of the total wave power [see also Hollweg, 2000b; and section 7, below] . Cranmer et al. [1999b] and Tu and Marsch [2001] were able to model the observed temperatures and anisotropies of O 5+ ions in the extended corona using fixed power-law spectra with approximately 0.01-0.1 nT d 100 s, which is still an order of magnitude smaller than the wind expansion time. Thus, d does not need to be as large as the wind expansion time in order for the diffusion to proceed gradually as ions accelerate over several solar radii. For this to occur, the minimum required wave power is about five orders of magnitude smaller than the value extrapolated above from Tu [1987] . The three phenomena listed above (undeveloped turbulence, a steep dissipation range, and power in non-parallel modes) may keep the cyclotronresonant wave power low enough in the corona so that the "instant" diffusion approximation does not apply for most ions. The analyses in the remainder of this paper explore this interesting regime where the development of the ion cyclotron diffusion occurs over measurable length and time scales.
Coronal Quasi-linear Diffusion
The diffusion equation for the ion velocity distribution function f(x; v; t) is derivable under the assumption that the plasma state can be described by the sum of an undisturbed, stationary (zero-order) state and a small, linear (first-order) perturbation. The ion cyclotron interaction is described by the coupling between f and fluctuating electric and mag- 
with similar expressions for the scalar components of E 1 and B 1 [e.g., Nicholson, 1983] . Subscripts 0 and 1 correspond to zero-order and first-order quantities, and the phases of oscillations with different wavenumbers are assumed to be completely uncorrelated. The first-order terms in the Vlasov equation are satisfied bỹ
where B 0 is defined as parallel to the z axis, E 0 = 0, and the gyrophase angle is defined as tan ?1 (v y =v x ) [see also Davidson, 1972; Oraevsky, 1983] . The zero-order distribution has also been assumed to be gyrotropic, i.e., with @f 0 =@ = 0. Faraday's law relates the mutually perpendicular field oscillation amplitudes to one another via !jB 1 j = k k cjE 1 j, and both B 1 and E 1 are assumed to be perpendicular to B 0 and left-hand polarized.
The zero-order and second-order terms in the Vlasov equation contain non-oscillatory components, and thus they correspond to long-term evolution of the zero-order VDF. For a homogeneous plasma, both the spatial advection term proportional to @f 0 =@x and the zero-order Lorentz term vanish, and the Vlasov equation is given by
The angle brackets above denote the real part of the enclosed second-order, or "quasi-linear" quantity, averaged over a spatial extent longer than all relevant wavelengths. The magnetic spectral energy density P B (k k ) is thus defined as
Inserting the first-order Fourier amplitudes into equation (8) allows the standard quasi-linear diffusion equation to be derived:
[e.g., Shapiro and Shevchenko, 1962; Kennel and Engelmann, 1966; Rowlands et al., 1966; Lee, 1971; Krall and Trivelpiece, 1973; Galeev and Sagdeev, 1983] . The Dirac delta function in equation (10) arises from the approximation that the imaginary part of the frequency is much smaller than the real part, and in all subsequent expressions, ! shall denote its real part only. This weak damping (or weak instability) assumption must break down for the most populous ions, such as protons and He 2+ , but for most minor ions it is satisfied (see section 5).
In order to express equation (10) in a more computationally convenient form, the identity
can be applied, where the sum over "res" denotes the available solutions to the dispersion and resonance conditions ( Figure 1 ). Quantities with subscript "res" are evaluated only at individual resonances and thus are functions of v k , but not k k . Defining the comoving-frame group velocity, V 0
the wavenumber integral in equation (10) is integrated to obtain
The first-order advection-diffusion coefficients above are given by
The terms above assume a strict power law form for P B , which is expressed below in equation (17) in the limit of k kmax ! 1. The terms in C k and C ? in parentheses come from the v k derivatives of the delta function terms in equation (11). These terms tend to contribute to the saturation of the diffusion seen in the numerical models below when particles diffuse out of the resonant range of v k velocities and are not replenished from the nonresonant range. Equation (13) reduces to the simple limit of diffusion along circular velocity-space contours if the waves are dispersionless (@!=@k k = 0). In this limit, the diffusion equation can be written as
where the pitch-angle cosine is defined in the frame moving with the wave phase speed, i.e., jvj+( i =k res ) = 0. The diffusion coefficient D is given by the terms outside square brackets in equation (13), and the advection-diffusion terms proportional to v ? =V 0 gr correspond to the @D=@ terms [see also Isenberg and Lee, 1996] . The derivation of equations (10) and (13) is not unique to this work, but because it is rare to find these diffusion coefficients written explicitly in v k ; v ? space, it seems useful to present them here. Marsch and present similar equations for a wide range of magnetohydrodynamic (MHD) wave modes but only discuss their application to moment-based models. Kinetic studies of other plasma environments frequently use resonant diffusion equations for ion VDFs; see Dusenbery and Lyons [1981] and Retterer et al. [1994] for application to the terrestrial ionosphere, Jordanova et al. [1996] for magnetospheres, and, e.g., Jokipii [1966] , Schlickeiser [1989] , Steinacker and Miller [1992] , and Vainio [2000] for high-energy particles in flares and the heliosphere. Note that in ionospheric applications the assumption is often made that the perpendicular diffusion term is much stronger than all other terms (as in equation (2)). This is justified in the ionosphere, which is dominated by large-k ? electrostatic waves, but is not correct for large-k k cyclotron waves in the corona [e.g., Tam and Chang, 1999] .
Diffusion Models for Heavy Ions
This section presents the results of numerically integrating the resonant diffusion equation for an initially "cold" Maxwellian ion velocity distribution. Heavy ions have number densities much smaller than those of protons and alpha particles, which gives them low wave damping rates consistent with the quasi-linear approximation. In the models presented below, however, this damping is not applied selfconsistently to the wave spectrum P B (k k ), which is held constant as a function of time. This is done so that the departures from bi-Maxwellian moment models (which assume the same wave spectrum) can be studied in isolation. A first look at how resonant wave damping affects the velocity-space diffusion is given in section 5.
Numerical Specifications
The quasi-linear diffusion equation is solved by explicit finite differencing, with the first-order and secondorder derivatives in equation (13) operator-split into two update algorithms: the two-step Lax-Wendroff scheme for the first-order derivatives, and the simple FTCS (forwardtime-centered-space) scheme for the second-order derivatives [Press et al., 1992] . The natural logarithm of the velocity distribution f 0 was chosen to be the integration variable, rather than the distribution itself, because f 0 varies over many orders of magnitude in the computational grid. The time step was chosen to be 0.1 times the smaller of the Courant-Friedrichs-Lewy condition and the FTCS stability criterion. The boundary conditions were simple reflection along the v ? = 0 axis and quadratic extrapolation (which is exact for Maxwellians) along the other three edges of the grid in velocity space.
The primary model to be discussed was created for O 5+ ions at a heliocentric distance of 2 R above polar coronal holes. The plasma at this location was assumed to have the same properties as in Figure 1 , with an electron density n e Cranmer et al., 1999b] . The initial condition for the O 5+ ions is a Maxwellian distribution drifting at the inertial-frame proton speed of 160 km s ?1 and having a most-probable speed of 50 km s ?1 . Because each term in the diffusion equation contains f 0 , the absolute normalization of the VDF is arbitrary.
The wave spectrum used is given by
where = 2 was chosen based on the discussion in section 2, and the normalization constants were chosen arbitrarily to be k 0 = 10 ?10 cm ?1 and P 0 = 7:3 10 5 G 2 cm (corresponding to a power per unit frequency of 0.032 nT 2 Hz ?1 at the
. The values of k 0 and P 0 scale out of the diffusion equation if it is written in terms of a dimensionless time variable t= d , so the evolution of the VDF morphology does not depend at all on this normalization (in the limit of a fixed wave spectrum). The exponential cutoff around k kmax in equation (17) is included to simulate the effects of a finite proton temperature on the dispersion relation.
Stix [1962] estimated that solutions to the dispersion relation cease to occur above a maximum wavenumber of
where w kp is the parallel proton most-probable speed. The dimensionless ratio above is about 3-4 for a proton temperature of 10 6 K, and the models below assume k kmax = 5 p =V A . diffusion thus included only the two lower resonances, and not the crossing of the upper dispersion branch at a much higher value of k k (and a much lower value of P B ). A test calculation that included the upper resonance changed the diffusion coefficients by no more than 2%, assuming that P B was equally divided between the two branches. If the lower branch contains more of the total power because it is the one connected to the low-frequency Alfvén wave regime, the impact of the upper resonance would be even smaller.
The FORTRAN code that was written to solve the resonant diffusion equation was tested and run on several UNIX workstations. With a time step of 1:2 10 ?2 s, the VDF evolved over one doubling time ( d = 63:3 s for the standard O 5+ model) in approximately 5-15 minutes of CPU time on various machines. The code was tested in one dimension by solving the simple diffusion problem in equation (2) and comparing with the analytic solutions. It was tested in two dimensions by ignoring dispersion and setting the coefficients in equation (13) to constant values, thus diffusing along circular shells. The code behaved as expected and conserved total number density (the zeroth moment of the VDF) to within 0.2% between t = 0 and t = 60 d . After 60 d the distribution began to diffuse off the computational grid and the number density began to decrease. For the level of wave power specified above, the numerical diffusion inherent in the Lax-Wendroff finite differencing scheme becomes important only for time scales exceeding 10 8 -10 9 s, which is many orders of magnitude longer than any time scale to be modeled. Figure 2 shows the O 5+ velocity distribution at several stages of its evolution. The core of the distribution (from its peak down to 1=e times the peak value) is filled in with gray to show the velocities that contribute most to the moments of the distribution. During the first few doubling times (0-5 d ), the VDF remains close to bi-Maxwellian, but after about 10-20 d , the curvature of the contours in velocity space becomes evident. At late times, the diffusion seems to stop before the extended core reaches the highest resonant values of v k near the upper boundary of 610 km s ?1 . (Particles with v k > v k;max are assumed to be nonresonant and are not modeled here.) Diffusion to a zero-gradient state along the curved, constant-energy shells does not occur because of the sharp boundary between resonant and nonresonant parallel velocities. The idealized end-state of fully-diffused shell distributions can only be reached when an equal number of particles are scattered in both directions along the shells. The net leakage of particles from the resonant to nonresonant regions of velocity space prevents this from occurring. In reality, of course, other forces not considered here (e.g., gravity) should be able to decelerate some ions back into resonance, but not at high values of v ? where the magnetic mirror force is dominant [e.g., Isenberg et al., 2000 [e.g., Isenberg et al., , 2001 .
Velocity Distributions and Moments
Further details of the resonant diffusion of the O 5+ distribution become evident when its moments are compared with those of a simpler bi-Maxwellian model. The number density n i , bulk speed u k , and most-probable speeds w k and [Arunasalam, 1976; Isenberg, 1984b; Cranmer, 2000] , and the dimensionless resonance factor is given by
In these expressions, the resonance is assumed to be spread out over the entire bi-Maxwellian distribution, and the number density is conserved (i.e., @n i =@t = 0). Equation (21) is derived directly from equation (10), and the advectiondiffusion terms arising from the derivative of the Dirac delta function never arise because the outer differentiation in equation (10) is cancelled when the moments are taken via integration by parts. Figure 3 compares the moments of the numerically computed VDF with the moments obtained by integrating equation (21) forward in time, starting with the same initial conditions: u k = 160 km s ?1 , w k = w ? = 50 km s ?1 . 2 The moments of the numerical VDF are taken only over the resonant region of velocity space, vk < vk;max. Thus, the number density n i need not be conserved.
The two sets of curves in Figure 3 begin to depart significantly from one another around 100 d . This occurs because the numerical VDF starts to diffuse across the upper boundary between resonant and nonresonant parallel velocities. This boundary is not a fundamental "barrier" to the bi-Maxwellian model, although the e ? 2 factor in equation (21) peaks at increasingly lower values as u k accelerates beyond the highest resonant speed of 610 km s ?1 (i.e., as fewer particles in the tail of the bi-Maxwellian VDF remain in resonance). Tu and Marsch [2001] simulated the self-consistent evolution of bi-Maxwellian ion moments and the wave spectrum, but their models for O 5+ rapidly reached the condition u k > v k;max , where the models presented here imply that the bi-Maxwellian approximation is no longer accurate.
The shape of the numerical VDF, characterized by u k , w k , and w ? , does not change significantly after about 100 d , but the total number of particles n i declines rapidly. The simulation was ended at approximately 1000 d because the effects of the nonresonant parts of the distribution (not modeled here) are expected to be important beyond this point. Thus, the final stages of the resonant diffusion may proceed differently in more self-consistent models. It should be noted that the numerical ion cyclotron diffusion does not depend strongly on the assumed value of the spectral power-law exponent . Additional models with = 0:5; 1, and 3 were computed, and the alterations to the shapes of the evolving distributions were barely discernible.
Relative Importance of the Mirror Force
Hollweg [1999a, b, 2000a] and Isenberg et al. [2000 Isenberg et al. [ , 2001 found that an important nonresonant force to include in models of the extended corona is the pitch-angle focusing that arises from magnetic moment conservation. It is straightforward to compare this magnetic-mirror acceleration to the resonant acceleration that occurs as a result of ion cyclotron diffusion. The former can be expressed as 
Ion Charge and Mass Dependence
To explore how the properties of resonant diffusion vary for different ions, numerical simulations were performed for He decreases. Also, the boundary between resonant and nonresonant parallel speeds (v k;max ) decreases as increases.
For the lower dispersion branch in Figure 1 , v k;max ranges between the bulk wind speed u 0 (at = 0:5) and the nonresonant phase speed u 0 + V A (as ! 0). This variation has been fit by a dimensionless bridging function Y ( ), with This departure from the bi-Maxwellian models is in qualitative agreement with the O 5+ case discussed above, but the time required to reach this state was found to depend on the charge-to-mass ratio . Low-ions like He + take longer to diffuse up to the boundary between resonance and nonresonance for two reasons: (1) v k;max is higher, and (2) the constant-energy shells in velocity space have larger radii, so that the diffusion remains roughly perpendicular for a longer time.
From the three numerical diffusion models, a common point in the evolution can be defined when the departures from bi-Maxwellian models become significant. One indicator of this departure is the ratio of the modeled bulk speed u k to its corresponding value in the bi-Maxwellian model. In the O 5+ case (see Figure 3b ), this ratio drops to a value of 0.5 at approximately t = 500 d . In the He + and Mg 9+ models, this occurs at about 800 d and 300 d , respectively. In all three cases, the values of u k (in the bi-Maxwellian models) at these times are very nearly equal to v k;max . This condition is applied below (section 5.2) as a zero-order correction to bi-Maxwellian wave damping models. The energization of abundant ions such as protons and He 2+ (alpha particles) is not studied here, mainly because the quasi-linear approximation is not expected to be valid when the damping rates are of the same order as the wave frequencies. Although some kinetic studies of resonant particle acceleration have found that quasi-linear theory is applicable in regimes where the wave fluctuations are mildly nonlinear [e.g., Miller, 1997] , the strong impact of abundant ions on the wave dispersion seems to fundamentally invalidate the quasi-linear approach [see also Jones et al., 1978; Xia et al., 1993; Siregar et al., 1998; Kuramitsu and Hada, 2000] . The kinetic models of "instant" proton cyclotron resonance that were discussed in section 2 [Isenberg et al., , 2001 Galinsky and Shevchenko, 2000] were not concerned with the gradual diffusion process and thus did not need to assume quasi-linear-or any other-diffusion coefficients. Hybridcode or Monte Carlo numerical methods may be required to treat the full process of proton cyclotron diffusion exactly [see Fletcher and Huber, 1997; Liewer et al., 1999] .
Wave Dissipation
Resonant energization of positive ions must occur at the expense of the high-k k fluctuation power. In section 5.1, linear wave damping rates are computed for the nonMaxwellian VDFs derived above. A key simplification in this analysis is that the damping is not computed simultaneously with the velocity-space diffusion, as it should be in a self-consistent model of the solar corona. This is remedied partially in section 5.2, where the multi-ion wave damping scenario of Cranmer [2000] is re-examined with modifications designed to account for departures from bi-Maxwellian distributions.
Linear Damping Rates
The linear response of a plasma to left hand polarized oscillations is described by relating the first-order current density, 28) to the fluctuating electric field. The sum over i denotes all ion species as well as free electrons. The proportionality between J 1 and E 1 is an effective conductivity tensor, which can be expressed alternatively as a dielectric permittivity,
[see also . The above is the full dispersion relation for ion cyclotron waves in a homogeneous medium. Applying the weak damping approximation from section 3 (i.e., that the waves are nearly periodic, undergoing many oscillations before dissipating) allows the dispersion relation to be Taylor expanded and solved for the damping rate Im !. This rate is a sum over all ion resonances, and for species i, the ith term in that sum is given by where "res" above denotes evaluating the derivatives at v k = (! ? i )=k k . Note that i depends linearly on the ion number density n i (via its direct dependence on f 0 ) and not at all on the absolute level of wave power P B .
Figure 4 displays damping rates of the O 5+ resonance for various times in (a) the numerical VDF diffusion model, and (b) the bi-Maxwellian moment model discussed above. For these calculations a relative ion-to-electron number density of (n O 5+ =n e ) = 3 10 ?6 was assumed. Both models begin with strong wave damping ( i < 0) in a narrow range of wavenumbers and evolve to states near marginal stability ( i 0). The bi-Maxwellian moment model exhibits an unrealistic instability ( i > 0) for low values of k k at all times in the evolution. However, this instability always remains small when compared to the larger region of damping. The total damping rate, integrated over all wavenumbers, can be expressed as 31) and this quantity remains negative at all times for both models. The time evolution of tot is plotted in the inset of Figure   4b . Note from this plot that after 500 d the numerical VDF diffusion model approaches "marginal stability" (i.e., tot ! 0) much more rapidly than the bi-Maxwellian model. This time corresponds to the point in the diffusion when the bi-Maxwellian value of u k becomes approximately equal to v k;max and the diffusion has effectively reached the boundary between resonance and nonresonance.
It should not be surprising that the strongly anisotropic VDFs produce wave damping (and thus are not unstable to the production of waves). The modeled temperature anisotropy ratios (T ? =T k = w 2 ? =w 2 k ) for the O 5+ , He + , and Mg 9+ models reach maximum values around 30, largely independent of their charge-to-mass ratios. Gary et al. [2001] derived upper bounds on the temperature anisotropy, above which instabilities would tend to drive the velocity distributions back toward isotropy. Their linear and hybrid-code models suggest a parameterization for this limit of the form
which is of the order 130-160 for the three numerical diffusion models at their respective anisotropy maxima. As these models evolve to late times (see Figure 3c ), w k continues to increase and (T ? =T k ) max decreases to values around 70. The VDFs that are produced in the ion cyclotron diffusion models never reach these levels of anisotropy, and thus should not be expected to be unstable to the production of outward-propagating (k k > 0) waves. Isenberg et al. [2001] has suggested that proton and ion velocity distributions exhibiting resonance "shell" contours may be unstable to the generation of inward-propagating (k k < 0) Alfvén waves. These modes are thought to be necessary in the maintenance of MHD turbulence, and they are observed to co-exist with outward modes of solar origin in the interplanetary medium [e.g., Bruno et al., 1997] . The presence of inward waves in the solar corona would probably intensify the perpendicular diffusion in velocity space and could drive ion VDFs back toward nearly bi-Maxwellian shapes [Nakamura, 1999; Isenberg et al., 2001] . Growth or damping rates for inward-propagating waves remain to be computed for non-Maxwellian coronal ion distributions.
Dissipation of a Basal Power Spectrum
In order to determine how ion cyclotron resonance affects the spectrum of left hand polarized waves, the damping rates of a large number of ions must be considered. If the level of wave power is relatively low (i.e., large d ), the damping is able to erode the wave spectrum before a significant amount of ion diffusion can occur in velocity space. If the level of wave power is relatively high (i.e., small d ), the diffusion can proceed to its nearly asymptotic, marginally stable state before the wave spectrum is appreciably damped. The The level of coronal wave power P B (and thus d ) is not yet known, nor is the source of the ion cyclotron waves. High-frequency Alfvénic fluctuations have been suggested to be generated both at the coronal base [Axford and McKenzie, 1992; Ruzmaikin and Berger, 1998 ] and in the extended corona by, e.g., turbulent cascade [Isenberg and Hollweg, 1983; Hollweg, 1986; . Spectral cascade and instability-generated wave growth (the latter originating possibly from nonequilibrium electron VDFs) are not unexpected phenomena in low-beta plasmas, and they may be rapid enough to help maintain power-law-like wave spectra in the corona. UVCS observations indicate that O 5+ ions experience significant heating and anisotropy between 2 and 3 R that is consistent with ion cyclotron resonance. In the smalld limit, this can occur for either base-generated or locallygenerated waves. In the large-d limit, base-generated waves cannot survive to 2-3 R without being damped by lower Z i =A i ions. It it thus important to quantify what is meant by "large" or "small" d if constraints are to be placed on where ion cyclotron waves are generated.
Figures 5, 6, and 7 present the results of multi-ion wave damping models that were designed to address the above issues. The evolution of the wave spectrum is modeled for a homogeneous plasma using the equation
[see, e.g., . The sum is taken over the 1000 most abundant positive ion species in a plasma with an electron temperature of 10 6 K in ionization equilibrium [Cranmer, 2000] . The least abundant ions in this list have number densities of about 10 ?20 times the proton number density. Simultaneously with the wave damping, equation (21) is solved for the evolution of the bi-Maxwellian moments of each of the 1000 ion species. The distortion away from bi-Maxwellian VDFs, and the consequent approach to "marginal stability," is modeled by halting the evolution for a specific ion if its bulk speed u k reaches 1.2 times the resonance boundary speed v k;max (the factor of 1.2 is arbitrary and does not affect the results significantly if adjusted).
The damping rate i is set to zero once marginal stability is reached for each ion. This modification to the bi-Maxwellian model simulates the transition from "opaque" to "transparent" wave damping that Tu and Marsch [2001] found for acceleration beyond v k;max .
The multi-ion models were initialized with a powerlaw wave spectrum (P B / k ? k ) and equal outflow speeds (u k = 160 km s ?1 ) and temperatures (T k = T ? = 2:4 MK) for all ions at densities and field strengths appropriate for 2 R . Three initial sets of power spectrum parameters were chosen:
1. The minimum required wave power to heat O 5+ ions is the spectrum described in section 4.1, with d 60 s for O 5+ . Because the dimensionless product i d is much greater than 1 for many ions, this spectrum is expected to damp rapidly before significant amounts of ion heating and acceleration can take place.
2. The extrapolated ! ?1 spectrum from Tu [1987] is a reasonable upper limit for the expected coronal wave power, and it is described here by the parameters P 0 = 1:1 10 6 G 2 cm, k 0 = 10 ?10 cm ?1 , and = 1 (thus, d 10 ?3 s for O 5+ ). Tu and Marsch [2001] found that this level of wave power may be strong enough to accelerate O 5+ ions out of resonance before these ions could damp the wave spectrum appreciably.
3. An extreme upper limit spectrum was modeled by multiplying the value of P 0 in the Tu [1987] spectrum by a factor of 1000 (thus, d 10 ?6 s for O 5+ ). This model exhibited i d 1 for all ions, implying that the heating and acceleration is extremely rapid and little or no damping is expected to occur.
Figures 5, 6, and 7 plot the time-evolving power spectra and selected ion perpendicular most-probable speeds w ?
for models 1, 2, and 3 (in the above list), respectively. In model 1 the spectrum is damped nearly completely (for resonances above Z i =A i 0:15) by t = 50 s, and only the lowest Z i =A i ions experienced any heating or acceleration.
Model 2 is similar to model 1, despite its higher level of wave power and more rapid ion energization. The summed effect of the minor ions was sufficient to damp the wave spectrum rapidly, even though an individual ion like O 5+ would have not been able to do so in isolation [as in Tu and Marsch, 2001] . Model 3, with three orders of magnitude more wave power than model 2, was able to accelerate the ions rapidly enough to drive them out of resonance before any significant damping could occur.
A preliminary conclusion that can be made from these models is that "realistic" levels of coronal wave power (between the practical lower and upper limits of models 1 and 2) are insufficient to stop the damping of a pure basal wave spectrum. Thus, if the ion cyclotron resonance mechanism is truly responsible for heating and accelerating high Z i =A i ions like O 5+ and Mg 9+ , some kind of local coronal generation of waves is necessary. Only if the seemingly unrealistic wave power level of model 3 is assumed can a solely basegenerated spectrum "survive" to heat the O 5+ and Mg 9+ ions.
It is not clear that the general result of this analysis will remain unchanged when more realistic models of the corona are constructed. The present assumption of a homogeneous plasma underestimates the amount of damping because of the lack of "frequency sweeping" as ions travel to larger heights and smaller i . However, the neglect of the magnetic mirror acceleration overestimates the damping due to all ions because the time taken to reach u k v k;max will be shorter if this extra acceleration is included. If these two effects are of comparable magnitude, the results of the modeling above will remain basically valid. It should also be noted that only the lower dispersion branch in Figure 1 was utilized in these models. This underestimates the resonance effectiveness of protons and alpha particles, but does not affect the minor ions in a significant way. Future models that deal explicitly with protons and alphas should recompute both the real and imaginary parts of the dispersion relation as the particles accelerate. It is possible that as the ions accelerate and become less "cold," some part of the anti-sunward proton VDF could become resonant with ion cyclotron waves.
Emission Line Profiles
This section presents a computation of the ultraviolet emission line shapes that are expected to form as a result of the non-Maxwellian O 5+ VDFs derived above. Spectral line profiles in the extended corona are a rich source of diagnostic information about particle velocity distributions. It is possible that sufficiently sensitive observations can discern the unique signatures of velocity distributions that have been distorted by ion cyclotron resonance, and thus put the direct "detection" of this process on firmer footing.
Most coronal lines are formed by a combination of the resonant scattering of solar-disk photons and collisional excitation followed by radiative decay. Because the corona is optically thin, the emergent intensity is given by an integral of the local emissivity (in units of photons s ?1 cm ?3 sr ?1 Hz ?1 ) along the observer's line of sight through the plasma. where h 0 is the rest-frame energy of the transition, q jk is the collision rate per particle, B jk is the Einstein absorption rate of the transition, n j is the number density of ions in the lower level j, andĨ is the solar-disk intensity of the source of scattered photons. The frequency dependences of the emissivities are embedded in the emission profile and the scattering redistribution function R I ; general expressions for and R I are given by Mihalas [1978] , Withbroe et al. [1982] , Cranmer [1998], and Maccari [1999] . Note that the scattering emissivity depends on integrals over the incoming photon frequencies 0 and directionsn 0 (the latter subtending the solid angle 0 of the solar disk). 
For the bright O VI 103.2 nm line observed by UVCS, there is only one term in this sum, with 0;1 = 0 (i.e., the source of photons is the chromospheric counterpart to the O VI 103.2 nm line itself). In this case, the scattering from a monochromatic point source implies that the shape of j res ( ) is identical to the shape of R I ( 0 ; ; =2), and v z = 0. For the O VI 103.7 nm line, there are a total of four solar-disk lines that can contribute toĨ( 0 ): one from its own chromospheric line, two from a C II doublet at slightly lower wavelengths, and one from a weak Fe III line at still lower wavelengths.
The relative intensity ratiosĨ 0;n =Ĩ 0;1 for n = 2; 3; 4 are 0.34, 0.29, and 0.0073, respectively. The rest-frame frequencies 0;n correspond to v z values of 0, 173, 370, and 534 km s ?1 for n = 1; 2; 3; 4 [see also Warren et al., 1997; Li et al., 1998 ].
The numerical O 5+ distributions presented in section 4 were used to compute idealized collisional and scattering O VI 103.2, 103.7 nm emission line shapes from equations (34) and (35). For O VI 103.7 nm, the line shape was assumed to be proportional to yield the lowest 2 residuals for "platykurtic" exponents of q 2:7. Note also that for a limited range of time in the evolution of the VDFs, the 103.7 nm scattering line has discretely enhanced "wings," but still remains as a whole narrower than the collisional profile. Sufficiently sensitive ultraviolet spectroscopy (probably beyond the capabilities of UVCS/SOHO) should be able to measure these departures from Gaussian profile shapes. The unexpected relative narrowing of the scattering profiles, with respect to the collisional profiles, can be seen clearly in Figure 9 . This figure plots the perpendicular mostprobable speeds of the evolving VDF versus the 1=e halfwidths (v 1=e ) of Gaussian fits to the numerical line profiles. Several observed emission lines in the extended corona are thought to have collisional and scattering components of the same order-of-magnitude intensity. Thus, if ion cyclotron resonance is responsible for the majority of the perpendicular heating, the differences in line width between the two components may be observable. Because the computed scattering profiles are narrower than expected, based on their most-probable speeds, the values of w ? that have been inferred from observations may be underestimates of the true perpendicular most-probable speeds.
UVCS observations in coronal holes have not yet detected statistically significant differences in width between the O VI 103.2 and 103.7 nm lines [Cranmer et al., 1999b] .
However, the profiles below about 2 R have comparable narrow (v 1=e < 100 km s ?1 ) and broad (v 1=e > 200 km s ?1 ) Gaussian components, and above 2 R the narrow components tend to become much weaker . These observations may be consistent with resonant scattering profiles becoming completely Doppler dimmed at large heights and leaving only the broader collisional profiles. If this is the case, the large perpendicular most-probable speeds determined from the wide O VI lines above 2 R should be reasonably accurate (because w ? v 1=e for the collisional profiles; see Figure 9 ).
Discussion and Conclusions
This paper has explored several new aspects of the problem of ion cyclotron resonance in the solar corona. The diffusion coefficients in v k ; v ? space have been derived explicitly for a spectrum of parallel-propagating waves. Numerical models for this diffusion in a homogeneous plasma have revealed that saturation occurs when significant numbers of ions diffuse up to the resonance-nonresonance boundary in v k . In effect, the ions "run out of resonance" and can be heated and accelerated no further. This result was applied to a model of multi-ion energization and wave damping. The summed effect of 1000 heavy ion species was strong enough to completely damp an input wave spectrum (with a realistic coronal amplitude) on rapid time scales. This implies that if high charge-to-mass ratio ions are to be heated by ion cyclotron waves, there must be a gradual regeneration of wave power in the extended corona. Finally, preliminary ultraviolet line profiles were derived for the non-Maxwellian distributions in the diffusion model.
Despite the progress made in understanding the resonant diffusion process, the models presented above are still limited in several ways. First, the assumption of a homogeneous plasma ignores the important effects of gravity, pressure gradients, magnetic mirror acceleration, and cyclotron "frequency sweeping" (due to the fact that @ i =@r 6 = 0).
The large-scale radial evolution of the Alfvén wave spectrum can lead to departures from the idealized marginal stability end-state predicted by a homogeneous plasma analysis [e.g., Marsch et al., 1982; Galinsky and Shevchenko, 2000] . Second, the phenomena of ion diffusion and wave dispersion (i.e., propagation and damping) are coupled intimately, and kinetic models need to follow both processes simultaneously. The self-consistent evolution of the ion VDFs and the full fluctuation spectrum-both Alfvénic and compressive modes as a function of vector k-is, to quote Hollweg [1999a] , "the Holy Grail of this line of inquiry."
A third important limitation of the analysis in this paper is the assumption of a power spectrum of magnetic fluctuations propagating solely parallel to the magnetic field. Both numerical simulations of MHD turbulence and analytic descriptions such as "reduced MHD" indicate that the spectral cascade to high wavenumber occurs most strongly for transverse (k ? ) fluctuations [see, e.g., Montgomery, 1982; Shebalin et al., 1983; Matthaeus et al., 1996; Goldreich and Sridhar, 1997; Cho and Vishniac, 2000; Medvedev, 2000] .
Alfvénic fluctuations having large k ? and small k k do not have high frequencies approaching the cyclotron resonances. Observations of in situ solar wind fluctuations support the view that high-k ? modes dominate [Matthaeus et al., 1990; Bieber et al., 1996] , but there does seem to be evidence for high-k k modes that dissipate via ion gyroresonance [e.g., Leamon et al., 1998a] . Coronal MHD waves that propagate obliquely to the background field direction can damp by multiple harmonics of the cyclotron resonance, and studies of how these waves heat and accelerate ions as a function of charge and mass are underway [Li and Habbal., 2000; .
Spectroscopy of the extended solar corona is one of the most valuable means available to study the properties of the acceleration region of the solar wind. This paper has shown that unique identifiers of coronal ion energization processes may be detectable in ultraviolet emission line profiles. For example, the ion cyclotron resonance mechanism may be distinguishable from the shock acceleration model of Lee and Wu [2000] , since it is likely that the detailed shapes of heavy ion VDFs in the two scenarios are not similar. Also, the relative widths of ions having different charge-to-mass ratios may put constraints on the ability of spectral cascade to overcome the strong resonant damping seen in the models of section 5.2. Next-generation space-based coronagraph spectrometers (building on the successes of UVCS/SOHO) will have the ability to sample the velocity distributions of dozens of ions at large heights in coronal holes. Thus, if progress is to be made in identifying the dominant coronal heating and acceleration processes, the lines of communication must be kept open between those who model the kinetic physics and those who obtain and analyze remote-sensing data. 
